JOURNAL OF SUSTAINABLE MATERIALS PROCESSING AND MANAGEMENT VOL. 2 No. 2 (2022) 1-8

© Universiti Tun Hussein Onn Malaysia Publisher’s Office Journal of

Sustainable
- R JSMPM Materials
13 Processing and

http://publisher.uthm.edu.my/ojs/index.php/jsmpm Management

e-ISSN : 2821-2843

Analysis of the {4-Nicotinamido-4-Oxo-2-Butenoic Acid's}
Electrochemical Polymerization as an Anti-Corrosion Layer
on Stainless-Steel Alloys

Zahra Al-Timimi'", Zeina J Tammemi?

!Laser Physics Department, College of Science for Women,
University of Babylon, Hillah, 51001, IRAQ

2College of Dentistry,
University of Babylon, Hillah, 51001, IRAQ

*Corresponding Author

DOI: https://doi.org/ 10.30880/jsmpm.2022.02.02.001
Received 25 May 2022; Accepted 05 September 2022; Available online 31 October 2022

Abstract: The {Poly4-Nicotinamido-4-Oxo0-2-Butenoic Acid's}, which serves as an anti-corrosion layer, was
produced by electropolymerized the {4-Nicotinamido-4-Oxo-2-Butenoic Acid's} monomer onto 316-grade steel
material. The produced polymer's structure and characteristics were evaluated using SEM, cyclic voltammetry, and
other techniques. The corrosion resistance of stainless steel, both uncoated and coated in a corrosive medium of
0.2M HCI solution was examined using an electrochemical polarisation technique at temperatures ranging from
(293-323) K. Nanomaterials such as nano zinc oxide and graphene were introduced to monomer solutions at
various concentrations to increase the corrosion resistance of stainless-steel surfaces. According to the findings,
adding nano components to a polymeric coating increased its protective effectiveness. Thermodynamic and kinetic
activation properties were also investigated. The percentage of protection efficiencies and polarisation resistance
values of the covering polymer decreased as the temperature rose. As the temperature climbed, the corrosion
current density increased, although the corrosion potential decreased. In SEM and AFM experiments, the
development of a protective coating on the surface of 316-grade stainless steel was demonstrated to protect it.
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1. Introduction

Despite substantial advances in corrosion prevention and control sciences and technologies, corrosion, particularly
of metals and alloys, remains a major source of concern for many industries across the world. Corrosion can be avoided
in most cases by making suitable adjustments to the environment, such as adding inhibitors or choosing corrosion-
resistant materials, as well as material surfaces, such as coatings and films [1,2]. Stainless steel is a widely used
material in a range of industries, and it's an excellent choice for corrosion resistance. Corrosion resistance in steel
material is associated with the development of a thinly passive layer on the surface of materials. Extreme chloride
conditions may compromise the natural thinner layer's endurance, leading to isolated corrosion potential as well as
irreversible damage [3,4].

The ability to resist corrosion attack is attributed to the presence of a thinly protective covering made of chromium-
enriched oxide in aqueous conditions. However, the steel experiences cracking corrosion in chloride-containing
environments. This targeted attack severely restricts the material's use for biological applications. lons including iron,
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chromium, as well as nickel that are discharged into the biological environment around the alloy decrease
biocompatibility[5,6].

Several technologies have been applied to make stainless surfaces that are more protective, such as the application
of conjugated polymers. Due to a variety of benefits, such as ease of synthesis, high stability, and excellent
biocompatibility in biosensors, {Poly4-Nicotinamido-4-Oxo-2-Butenoic Acid's} is a desirable substitute for protecting
stainless [7].

In recent years, there has been a significant amount of interest in the utilization of conjugated polymers to prevent
corrosion. Both aqueous and organic liquids can be converted into conducting polymers through electrical or chemical
polymerization. The electrochemical approach is popular because it allows for greater control over film thickness and
morphology by adjusting a number of factors, including initial concentration, pH, monomers concentration, as well as
the constitution of the liquid electrolyte. Polymer insulation materials are good alternatives for protecting metal because
of their conductivity qualities. A few examples of applications include sensors, chargers, small molecule electronics,
membrane technology separation, photovoltaic panels, as well as storage systems for energy [8,9].

In this investigation, the monomer was electro polymerized on a stainless surface to create the polymeric film. The
copolymer film was evaluated using cyclic voltammetry, AFM, as well as SEM. Using the electrochemical
measurements technique, corrosion investigations on untreated and coated stainless in 0.2 M of HCI at temperatures of
(293-323) K have been conducted. The effects of adding nanoscale materials like graphene and nanoparticles to a
polymerization method to produce an anti-corrosion covering had been investigated.

2. Materials and Methods

2.1 Synthesize of the {4-Nicotinamido-4-Oxo-2-Butenoic Acid's} Monomer

To produce {4-nicotinamide-4-oxo-2-butenoic acid}, the following procedure was employed. In 20 ml of dioxane
(C4HgO2), maleic anhydride (C2H2(C0).0) (1g, 0.01mol) was dissolved. A combination was given (1g, 0.01 mol) of
nicotinamide (C¢HsN20) and allowed to sit at room temperature for 6 hours. Under vacuum, a dark yellow precipitate
had been produced, filtered, and dried.

2.2 Electro Polymerization of the {4-Nicotinamido-4-Oxo-2-Butenoic Acid's} Monomer

A standard (DC) power supply electro polymerized the monomer on the 316-grade stainless steel surface (anodic
electrode) (Galvanostatic method). Electrodes were rinsed and dried after being washed with deionized H.O and
(CH3),CO; for preparing the polymerization solution, a dissolve of 0.1g of monomer in a 100ml of H,O and a few
drops of H.SO, as a supporting electrolyte. At room temperature, the polymeric coating was applied to the anodic
electrode. After the monomer solution was distributed, a 0.004 g of graphene was added, followed by 0.04 g of Nano-
Zn0 to produce the corrosion-resistant polymeric covering [10,11].

For the effectiveness of this regard reaction that produced the synthetic polymer film layer on the surface of the
metal as well as allowed for grafting, a cationic mechanism was suggested. In the first stage, the electron was
transferred first from the monomer to the surface of the metal, serving as the working electrode. The electrode surface
becomes positively charged as a result of the cation radical that forms as a result of this electron transfer and adsorbs
there. A component with a low molecular weight is produced as a result of the cation radical desorbing and interacting
in solution. The charging end of the immobilized oxidized monomer is added by a cationic technique towards the
charging end of the monomer molecule [12,13].

2.3 Measurement of Electrochemical Corrosion

To measure corrosion, three types of electrodes were used: a saturated calomel electrode, a stainless-steel
electrode, and an auxiliary electrode. Anodic and cathodic polarization for corrosion was done under potentiates
conditions in 0.2 M of HCI at (293-323) K. The following equation was used to compute the value of protection
efficiencies (PE%) [14]. The density current values for untreated and coated stainless steel are iocorr and icorr,
respectively.

PE% = {1 - ((ico")coatec‘} 100 (1)

ocorr ) uncoated

The following Stern-Geary equation was used to compute the polarization resistance (Rp) [15]:
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The effects of temperature on corrosion rate in 0.2M HCI solution were explored using the Arrhenius equation
[16].

Ae

-Ea

lcorr =

Equation (3) was logarithmically transformed as follows:

) Ea
Log igory = LOGA - 4
2.303RT
The equation for the transition state was written as follows[16]:
i R a8 * AH *
Log 2O = Log| — + - 5)
T Nh  2.303R_| 2303RT

Using the following equation, the activation Gibbs free energy (AG*) was obtained [17,18]:
AG *=AH *- TAS * (6)

2.4 Electrodeposition of Polymeric Film

To deposit a polymeric film on a stainless-steel electrode, cyclic voltammetry was used to electro polymerize an
aqueous solution of (0.2g) monomer; (200ml) H,O, and drops H2SO4 across a range of (-2000 to 2000) mV with scan
rate of 40 mV/s.

3. Results and Discussion

3.1 Cyclic Voltammetry

A cyclic voltammogram was employed to record the electrodeposition of the polymeric layer on stainless steel. It
was utilized to investigate the polymeric film's redox characteristics. At first scan, the oxidation wave appears to start at
1.8V, indicating that the monomer has been oxidized. The intensity of this oxidation wave decreased in succeeding
scans, while oxidation wave was changed to a greater potential, which could indicate that the monomer was
electropolymerized. In subsequent scans, the oxidation wave's intensity fell while its potential increased, possibly
indicating that the monomer had undergone electro polymerization. The rates of polymerization accelerated above 1.8
V in potential. A green polymeric layer materialized at the conclusion of each cycle. An increase in anodic currents was
seen in conjunction with the electro polymerization of the polymer, albeit these currents gradually dropped as the
number of scans increased. As a result, as the number of cycles increased, the current decreased as the coating film
expanded during the cyclical process [19,20].

3.2 Tests for Corrosion

The corrosion of a polymeric film-coated surface was investigated using electrochemical polarization. Fig. 1 shows
polarization curves for uncoated and coated stainless steel by the polymeric film with and without nanomaterial in 0.2
HCI solutions at (293-323) K. Extrapolating cathodic and anodic lines to a junction site produced (Ecorr) propensity for
corrosion, and (icorr) current density of corrosion. (Bc) in addition (Ba) cathodic, anodic Tafel slopes have been
determined using the same Fig. 1. Table 1 displays corrosion parameter data, which includes the following: Ecorr
(mV); icorr (LA/cm?); Ba also Bc in (mV/Dec); weight loss (W.L) in (g/m2d); penetration loss (P.L) in (mm/y); Rp
(Q/cm?), Rp; and PE%.

The data reveal that Ecorr and icorr increased as the temperature rose. Ecorr switched to more active (cathodic)
values as the temperature rose. The icorr of the coated stainless was significantly lower than that of the untreated
stainless after adding the nanomaterial. Furthermore, as demonstrated in the plots, the Ecorr for the coated stainless had
been pushed towards an advanced location when compared to the untreated stainless. That means the corrosion
protection is also anodic protection. Additionally, the Rp values grew more in the treated than in the untreated stainless
steel, specifically when the nanomaterials have been introduced [21,22].
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Fig. 1(a) - Polarization curves for uncoated stainless-
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Fig. 1(c) - At various temperatures, polarization
curves for corrosion of coated 316-grade stainless
steel with polymeric film modified with graphene in
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Fig. 1(d) - At various temperatures, polarization
curves for corrosion of coated stainless steel with
polymeric film modified with Nano ZnO in (0.2M)

HCI

Table 1 - Corrosion characteristics of the un-coated and coated stainless steel

E:é’gﬁtri'r?g% teﬁ?%%uttjre Ecorr Icorr Be  Pa W.L PL PE% Rp
Uncoated 293 116.7 1842 1887 15938 1.48 2.00710T - 2039.681
stainless steel 303 1260 2137 199.1 1858 172  2.32*10' -  1952.858
313 206.6 24.35 207.7 2205 1.96 2.65*101 - 1906.821
323 2718 2589 171.6 2585  2.08 2.82*101 - 1729.746
Coated stainless 293 638 467 744 940 3.76*101 5.08*10! 74.65 3861.427
Stgf'n"]‘g:ihc film 303 67.8 565 770 945 455101 6.15*101 73.56 3260.739
POy 313 88.1 861 131.0 1289 6.93*10! 9.36*10! 64.64 3276.581
323 122.4 1039 1366 1702 8.36*10! 1.13*10! 59.87 3166.981
Coated stainless 293 399 183 756 69.9 1.48*10! 2.00*10! 90.00 8617.692
Stgf'w"é':ihc film 303 107.8 299 875 1035 2.40*10! 3.25*10! 86.00 6885.729
Pnoé/iﬁed with 313 1353 376 69.6 89.8 3.02*10! 4.09*10! 8455 4528.094
graphene 323 140.6 6.89 1112 1787 554*10% 7.49*10% 73.39 4319.843
Coated stainless 293 794 309 739 689 249*10! 3.36*10! 83.22 5010.523
Stgf'n‘?g:ihc - 303 1423 525 485 505 4.22*101 571*101 7540 2046.184
ﬁ]oé/iﬁed with 313 195.6 593 847 951 4.77*10! 6.45*10% 75.64 3280.391
Nano ZnO 323 2458 7.97 1007 111.9 6.41*10% 8.67*101 69.22 2887.647
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3.3 Thermodynamics and Kinetics

Arrhenius graphs for corrosion of the coated as well as un-coated stainless steel are shown in Fig. 2 (a) and Fig. 2
(b). Inside Fig. 2 are plots of log (icorr/T) vs. (1/T). The slopes and intercepts were used to determine (AH*) and (AS*),
respectively.

A - uncoated stainless steel
- coated stainless steel with polymeric film
- coated stainless steel with polymeric film modified with graphene
- coated stainless steel with polymeric film modified with ZnO
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Fig. 2(a) - The plot of log icorr opposed to 1/T for uncoated Fig. 2(b) - The plot log (icorr/T) Vs. (1/T) of uncoated,
and coated stainless steel with polymeric film with and coated stainless steel with polymeric film with and without
without nanomaterials nanomaterials

Table 2 lists all of the kinetics parameters, including thermodynamics. The inclusion of polymeric film increased
activation energies, indicating that the coating has a stronger protective efficiency. Activation energies have increased
as a result of the addition of different nanomaterials, indicating a rise in the energy barrier [23]. The positive activation
enthalpies imply that the stainless steel transition state process is endothermic [24].

Table 2 - Thermodynamic parameters of the transition state for corrosion of stainless steel un-coated and coated
by polymeric film in absence, presence of nanomaterials at various temperatures

. Absolute
Covering . . .
(Coating) temp(ei?)altu re AG AH -AS R? Ea A R2
Uncoated 293 64.593 6.546  198.112 0.958 0.103 4.721*10% 0.979
stainless steel 303 66.574

313 68.555

323 70.536
Coated stainless 293 68.049 19.624 165.276  0.966 22.180 2.449*10% 0.973
polymeric film '

313 71.355

323 73.008
Coated stainless 293 70.277 30.471 135.858 0.965 33.027 8.421*10%° 0.969
steel with 303 71.636
polymeric film '
modified with 313 72.995
graphene 323 74.353
Coated stainless 293 68.794  20.879 163.528 0.929 23.426  3.022*10%  0.944
polymeric film '
modified with 313 72.064
Nano ZnO 323 73.699
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3.4 Atomic Force Microscopy (AFM)

Fig. 3 depicts 2D, 3D AFM images for all coating films that have been applied. The most extensively used metrics
in AFM analysis to evaluate surface roughness are mean grain size (M.G.S), root mean squares (R.M.S), in addition the
roughness average (Ra). A list of these parameters can be found in Table 3. The results show that after using
nanomaterials to modify polymeric films, the surface roughness of all coated films was reduced due to the smaller grain
size. As a result, the lower the surface roughness, the better the coating's barrier effect for preventing corrosion [25,26].

Praehs = (036402)
B ]

Fig. 3 - AFM images of; (a) polymeric film; (b) polymeric film adapted by Nano graphene; (c) polymeric
film adapted by Nano ZnO

Table 3 - Values for M.G.S, R.M.S and Ra

Layer M.G.S (nm) R.M.S (nm) Ra (nm)
Layered stainless steel by polymeric film 95.61 5.25 4.24
Layered stainless steel with polymeric film 93.41 3.02 242
modified by graphene

Layered 316-grade stainless steel with polymeric 87.06 2.01 1.58

film adapted by Nano ZnO

3.5 Scanning Electron Microscopy (SEM)

On the surface of stainless steel, the polymeric film has a heterogeneous distribution with some pores, whereas the
polymeric film adapted by Nano graphene showed combinations of sphere-shaped grains of various dimensions, and
the polymeric film adapted by Nano ZnO showed a homogeneous spreading on the surface of stainless steel with fibril
structure Fig. 4. (A-C). It was demonstrated that applying a protective coating to the surface of 316-grade stainless steel
protects it [25,26].
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20.08kV X32.8K

Fig. 4 - SEM images; (a) polymeric film; (b) polymeric film modified with Nano graphene; (c) polymeric
film modified with Nano ZnO

4. Conclusions

On 316-grade stainless steel, monomer electro polymerization provided a good anti-corrosion coating. The
percentage of protection efficiencies and polarisation resistance values of the covering polymer decreased as the
temperature rose. The protection efficiencies percent value improved after the nanomaterial, notable graphene, was
introduced. As the temperature climbed, the corrosion current density increased, although the corrosion potential
decreased. The course of corrosion had been changed to one that provided anodic protection. SEM and AFM
investigations have demonstrated that the creation of a protective layer on the surface of 316-grade stainless would
safeguard it.
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